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Abstract. We have investigated temperature and magnetic-field dependence of dielectric
properties in the orthorhombic GdMnO3 single crystal which is located near the phase
boundary between the ferroelectric/spiral-antiferromagnetic phase and the paraelectric/A-type-
antiferromagnetic one. In this compound, strong phase competition between these two phases
results in a unique phase diagram with large temperature and magnetic-field hystereses. Based
on the phase diagram, we have successfully demonstrated the persistent and reversible phase
switching between them by application of magnetic fields.
1. Introduction
Since the discovery of unusual gigantic magnetoelectric response in orthorhombic TbMnO3,
a renewed interest has been attracted in magnetoelectric or multiferroic materials from the
viewpoint of future device applications such as magnetic- (electric-) field controlled ferroelectric
(ferromagnetic) memories or transducers. In this work, we have focused multiferroic GdMnO3,
because it is located between TbMnO3 showing the the ferroelectric/spiral-antiferromagnetic
(FS) phase and EuMnO3 showing the paraelectric/A-type-antiferromagnetic (PA) one [1, 2, 3].
We have simply expected that orthorhombic GdMnO3 near the phase boundary is suitable to
accomplish the phase switching between the FS and PA phases. For the purpose of realizing the
phase switching, we have systematically investigated temperature (T ) and magnetic-field (H)
dependence of dielectric properties of GdMnO3 single crystal in external magnetic fields along
the crystal axes. As a result, we have obtained the detailed magnetoelectric phase diagram
of GdMnO3 in the H-T plane, which is quite complex because there exists a metastable state
(hysteretic region) due to the strong phase competition between the FS and PA ones. In this
paper, we present a novel persistent and reversible phase control between them by application
of magnetic fields.
2. Experiment
The single crystalline sample was grown by the floating zone method. We performed x-ray-
diffraction measurement on the resulting crystal at room temperature, and confirmed that the
samples have an orthorhombic Pbnm structure without any impurity phases. All specimens used
in this study were cut along the crystallographic principal axes into a rectangular shape by means
of back-reflection Laue technique. Measurements of temperature and magnetic-field dependence
of the dielectric constant and the spontaneous ferroelectric polarization were carried out in a
temperature-controllable cryostat with a superconducting magnet that provided a field up to
8 T. The dielectric constant was measured at 100 kHz with an LCR meter (Agilent, 4284 A).
The spontaneous polarization was obtained by the accumulation of a pyroelectric current for
temperature scans and a displacement current for magnetic-field ones.
3. Results and Discussion
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Figure 1. Temperature dependence of dielectric constant εa (a) and ferroelectric polarization
Pa (b) along the a axis for GdMnO3 in a zero magnetic field (circle) and a field of 3 T (triangle).
Magnetic field was applied along the b axis. Open and solid symbols mean the cooling and
warming scans, respectively.
First, we show in Fig. 1 temperature dependence of the dielectric constant along the a axis
(εa) and the spontaneous ferroelectric polarization along the same direction (Pa) in fields of
zero and 3 T applied along the b axis. Data in other field intensities were omitted for clarity.
We have confirmed the ferroelectric phase with transition temperatures of 5 K for cooling and
10 K for warming in a zero field. The lowest temperature we can reach is about 5 K, therefore,
we can not directly detect Pa for cooling. However, the observed abrupt increase of εa at 5 K
for cooling strongly suggests the phase transition to the ferroelectric state. Because we have
observed the simultaneous change of εa and Pa as clearly shown in the warming scan. Reversal
of ferroelectric polarization can also be observed by reversal of poling electric field. Therefore,
we have concluded that the ferroelectric phase along the a axis exists below 5 K for cooling
(10 K for warming) in a zero field [4].
In a temperature range from 17 K to 24 K, one can immediately notice the broad peak of Pa
observed for only cooling, which is also an evidence of the ferroelectric phase along the a axis.
For the cooling scan, a poling electric field of 500 kV/m was applied during the measurement
to keep the sample in the single domain state of the ferroelectric phase [5]. The origin of
this upper ferroelectric phase is not clear at the present time. We speculate that the upper
ferroelectric phase is connected to the lower ferroelectric phase discussed above. The observed
reentrant transition, i.e., ferroelectric/spiral-antiferromagnetic (FS) phase → paraelectric/A-
type antiferromagnetic (PA) one → FS one, is quite intriguing, however, it is beyond the scope
of this paper [6]. Hereafter, we restrict our consideration to the lower ferroelectric phase along
the a axis.
Let us move on to the magnetic field effect on the ferroelectricity. As already reported in
our previous reports [7, 8, 9] and other groups’ [1, 2, 10], the magnetic field along the b axis
(Hb) stabilizes the ferroelectric phase. The observed ferroelectric transition temperatures are
drastically increased by application of Hb, as shown in the Fig. 1 (See also Fig. 2 (a)). On the
other hand, magnetic fields along the a and c directions extremely suppress the ferroelectric
phase. This is because these magnetic fields (especially Hc) stabilize the canted A-type
antiferromagnetic and the resultant paraelectric (PA) phase, which competes and destabilizes
the ferroelectric phase with non-collinear spiral spin structures (FS) [1, 2, 6].
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Figure 2. (a) Magnetoelectric phase diagram of GdMnO3 in magnetic fields parallel
to the b axis. Hatched area denotes the hysteretic region between the paraelectric/A-
type-antiferromagnetic (PA) and the ferroelectric/spiral-antiferromagnetic (FS) phases.
(b) Dielectric constant as a function of applied magnetic fields at fixed temperatures of 7 K
and 11 K. Part of the trajectory of the measurements was shown by the dashed lines in (a).
We show in Fig. 2 (a) the magnetoelectric phase diagram of GdMnO3 in the H-T plane,
which is determined by the measurements of εa(T ) in magnetic fields as shown in Fig. 1 (a).
Open and solid triangles represent the ferroelectric transition temperatures for the cooling and
warming runs, respectively. Hatched area indicates the hysteretic region reflecting the first order
nature of the transition. The large hysteretic behavior arises from the strong phase competition
between the PA and FS states. This is in sharp contrast to the case of the second-order-like
ferroelectric transition in TbMnO3 and DyMnO3, which reside far from the phase boundary
between them and have a stable ferroelectric phase with spiral spin structure.
Using the large hysteretic region, we have successfully exemplified the phase switching from
the PA phase to the FS one by application of magnetic fields along the b axis. Figure 2 (b)
shows an example of such phase switching at two typical temperatures of 7 K and 11 K, which
correspond to within and without the hysteretic region, respectively. (See dashed lines in
Fig. 2 (a).) At a temperature of 11 K, the initial low εa value at a zero field gradually decreases
and suddenly jumps up to high εa state at a field of 4.5 T for the field-increasing scan. As
easily noticed from Fig. 1 (a) and (b), low and high εa sates correspond to the PA and FS
ones, respectively. The transition magnetic field of 4.5 T at 11 K is in good accordance with
the lower phase boundary (open triangles) determined by the εa(T ) scans in Hb. The high εa
value abruptly drops back to the low one again at 1.5 T for the field-decreasing scan, which
indicates the transition from the FS phase back to the PA one again. The transition field also
agrees well with the upper phase boundary shown in Fig. 2 (a) (solid triangles). Furthermore,
when magnetic fields were applied along the opposite direction (Hb < 0), εa(Hb) curves show
the similar transition from the PA (FS) to the FS (PA) state at the same transition intensity
of 4.5 T (1.5 T) for the field-increasing (-decreasing) scan, which is also accompanied by the
magnetic-field hysteresis. In this way, we can demonstrate the reversible switching between
the PA and FS states. It should be noted that the ordered (ferroelectric) state is realized by
application of magnetic fields. This is in contrast to the magnetic-field destruction of ordered
state, e.g., the Pa phase in GdMnO3 is easily collapsed by the fields along the a and c directions.
After initializing the sample heated well above the transition temperature, we have performed
the same εa(Hb) measurement at 7 K which is set within the hysteretic region (the lower dashed
line in Fig. 2 (a)). The initial low εa value at a zero field sharply increases to the high one
at a field of 1 T, which means the phase transition from the PA state to the FS one. The
transition field was drastically reduced by lowering temperatures, as also seen in Fig. 2 (a).
Once the sample has entered the FS state, the FS state subsists against the field-decreasing
scan. Moreover, when magnetic fields were applied along the opposite direction like in the
case of 11 K, the high εa state is completely maintained throughout the field-increasing and -
decreasing scans. This second case obviously demonstrates the persistent switching from the PA
state to the FS one by application of Hb, which is in contrast to the case of reversible switching
at 11 K. To our knowledge, there has been no report on such persistent and reversible phase
switching in other orthorhombic RMnO3 systems. This is partly because other RMnO3 samples
except for the present GdMnO3 are far from the phase boundary between the PA and FS phases
and are stabilized to the FS state without the first order nature of the ferroelectric transition.
4. Summary
We have systematically investigated the dielectric properties as a function of temperature and
magnetic fields for GdMnO3, which is located in the vicinity of the phase boundary between the
PA and FS phases. We have deduced the magntoelectric phase diagram of GdMnO3 in the H-T
plane, and have found the large hysteretic region due to the strong competition between the
above two phases. Using the hysteretic region, we have successfully demonstrated the persistent
and reversible phase switching between them by application of magnetic fields. This is in sharp
contrast to other RMnO3 systems, which show only reversible phase switching. We believe that
these new findings provide the progress towards construction of a magnetic-recording erasable
ferroelectric memory.
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